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The single-particle structure of the N = 27 isotones provides insights into the shell evolution of
neutron-rich nuclei from the doubly-magic 48Ca toward the drip line. 43S was studied employing the
one-neutron knockout reaction from a radioactive 44S beam. Using a combination of prompt and
delayed γ-ray spectroscopy the level structure of 43S was clarified. Momentum distributions were
analyzed and allowed for spin and parity assignments. The deduced spectroscopic factors show that
the 44S ground-state configuration has a strong intruder component. The results were confronted
with shell model calculations using two effective interactions. General agreement was found between
the calculations, but strong population of states originating from the removal of neutrons from the
2p3/2 orbital in the experiment indicates that the breakdown of the N = 28 magic number is more
rapid than the theoretical calculations suggest.
PACS numbers:
I. INTRODUCTION
The emergence of shell closures or their disappearance
in exotic nuclei has been one of the main interests of the
nuclear structure community since the advent of radioac-
tive beam facilities. Islands of inversion and shape coexis-
tence have been associated with the disappearance of the
classical shell closures on the neutron-rich side of the val-
ley of stability [1]. In particular, the N = 28 shell closure,
arising in a harmonic oscillator plus spin-orbit mean field,
has recently attracted much interest [2]. Below the dou-
bly magic nucleus 48Ca with 20 protons and 28 neutrons,
the N = 28 nuclei show a variety of interesting features.
Mass measurements [3], transfer [4], and nucleon knock-
out reactions [5] support a strong N = 28 shell closure in
46Ar. Measurements of the reduced transition probabil-
ity, B(E2), find a low degree of collectivity [6, 7], while
shell model calculations show enhanced collectivity at the
shell closure. This discrepancy is yet to be resolved. In
44S, the measurement of a large B(E2) value and its com-
parison to theoretical calculations suggested a vibrational
character of this nucleus [8]. The lowering of the excited
0+2 state from 3695 keV in
46Ar [9] to 1365 keV [10] in
44S indicates the onset of shape coexistence and a rapid
weakening of the N = 28 shell closure. The measured
E0 strength between the 44S 0+ states was interpreted as
arising from the substantial mixing of spherical and pro-
late configurations [11]. Theoretical calculations of the
potential energy surface using the symmetry-conserving
configuration mixing method and the Gogny D1S interac-
tion do not show distinct minima characteristic of shape
coexistence and rather suggest configuration mixing [12].
Later refinements of the theory and extended calculations
find that the ground state of 44S has a collective wave
function which is extended in the (β, γ) plane while the
excited 0+2 is prolate, yet γ-soft [13]. Shell model calcu-
lations using a newly derived SDPF-MU interaction [14]
suggest that the evolution of collectivity along N = 28 is
governed by the proton-neutron tensor force [15]. Here,
the potential energy surface exhibits a minimum on the
prolate side.
The 42Si nucleus is well deformed, it exhibits a low ex-
citation energy for the first 2+ state [16] and a large R4/2
ratio [17]. Calculations with the SDPF-MU interaction
predict the ground state of 42Si to be strongly oblate
deformed [15]. Detailed spectroscopy of 42Si, however,
questioned the 4+ assignment of Ref. [17] and proposed
an excited 0+2 state based on the observed population
cross section [18]. Approaching the drip-line [19], the last
N = 28 nucleus with excited states known is 40Mg [20].
The measured two-proton removal cross sections along
the N = 28 isotones [17, 21] were interpreted as showing
a change of the ground state deformation from prolate in
44S to oblate for 42Si, and back to prolate at 40Mg.
Turning to the even-odd N = 27 nuclei, 43S has at-
tracted special attention, both from the theoretical and
experimental side. In 45Ar the ground state is 7/2−,
as expected from the normal orbital filling. A low-lying
Jpi = 3/2− state with a rather long lifetime [22] is
strongly populated in the (d, p) reaction adding a neu-
tron to 44Ar [4] and very weakly in the neutron removal
reaction [5]. This confirms the vacancy of the 2p3/2 or-
bital in both 44,46Ar and the existence of a shell closure
at N = 28. In 43S, an isomeric state with a lifetime of
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2478(48) ns was found at 319 keV [23]. Based on the
comparison with shell model calculations the isomeric
state was assigned spin and parity 7/2− and a level in-
version compared to 45Ar was proposed. A measurement
of the magnetic moment firmly assigned Jpi = 7/2− to
the isomeric state and, because its lifetime is only com-
patible with an E2 transition, the ground state was in-
ferred as Jpi = 3/2− [24]. The spherical nature of the
7/2− isomeric state was questioned and the spectroscopic
quadrupole moment, determined to be |Qs| = 23(3) efm2,
was significantly larger than the expectation for a single
hole in the 1f7/2 orbital. While the state cannot be con-
sidered spherical, shell model calculations do not predict
a band structure built upon the isomeric state [25]. These
results triggered various theoretical discussions. Anti-
symmetrized molecular dynamics (AMD) calculations in-
dicate that the 7/2− isomer might be triaxial, and that
bands of prolate, oblate, and triaxial nature coexist at
low excitation energy [26]. The gap between neutron
single-particle levels originating from the spherical 1f7/2
and 2p3/2 orbitals reduces as a function of the deforma-
tion parameter β2; the two orbitals cross around a pro-
late deformation with β2 ≈ 0.2 and the N = 28 shell
gap disappears. A state at around 940 keV observed
in a Coulomb excitation measurement [27] is suggested
as the 7/2− member of the prolate Kpi = 1/2− ground
state band with a negative decoupling parameter. An
oblate band built on the 3/2−2 state is also predicted. A
shell model study exploiting quadrupole rotational in-
variants came to similar conclusions [28]. The calcu-
lations based on the SDPF-U effective interaction [29]
predict a third, prolate band with a dominant 2p-2h
(1f7/2)
−3(2p3/2)2 configuration. Calculations using the
SDPF-MU effective interaction [14] and the variation af-
ter angular-momentum projection method show that the
ground state and the isomeric state are dominated by
K = 1/2 and 7/2 and the isomeric nature is explained
by the K forbiddeness of the decay [15]. This interpre-
tation also explains the occurrence of the long-lived 0+2
and 4+1 states in
44S [10, 11, 30, 31].
Spectroscopic information on states in 43S beyond the
ground and isomeric state was obtained from nucleon re-
moval reactions, however, placement in the level scheme
proved difficult because of the presence of the isomeric
state [32]. Most recently, excited state lifetimes in 43S
were measured. Using the proton knockout reaction from
44Cl several states were populated [33]. The level order-
ing was reversed compared to the earlier study [32]. It
should be noted that the level scheme and the interpreta-
tion of Ref. [33] are at variance with the results presented
here. In the present work, the neutron knockout reaction
is measured with the additional capability to distinguish
between decays to the isomer and to the ground state.
In the present paper, we report on the measurement of
the single-particle structure of 43S using the one-neutron
knockout reaction from a fast radioactive 44S beam. The
combination of prompt and delayed spectroscopy allowed
for an unambiguous construction of the level scheme
and the extraction of spectroscopic factors using reac-
tion model calculations. The results suggest an intruder-
dominated configuration in the ground state of 44S.
II. EXPERIMENT
The experiment was performed at the Coupled Cy-
clotron Facility of the National Superconducting Cy-
clotron Laboratory at Michigan State University [34].
The secondary 44S beam was produced by projectile frag-
mentation of a 140 AMeV 48Ca primary beam on a
705 mg/cm2 9Be production target located at the en-
trance of the A1900 separator [35]. The beam parti-
cles were identified by their time-of-flight on an event-
by-event basis. The secondary beam was separated and
transported to a 376(4) mg/cm2 9Be secondary target
located at the pivot point of the S800 spectrograph [36].
The momentum acceptance of the A1900 separator was
set to 1%, resulting in a mid-target energy of 93.7 AMeV
and an average 44S intensity and purity of about 1900 pps
and 98(1)%, respectively.
The reaction residues were analyzed and identified in
the S800 spectrograph [36] as shown in Fig. 1. Parti-
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FIG. 1. Particle-identification plot of reaction residues de-
tected in the S800 spectrograph. A gate on incoming 44S ions
is applied. The dashed line is the outgoing 43S gate for the
further analysis.
cle identification was achieved by measuring the energy
loss in an ionization chamber (∆E) in the focal plane of
the S800 spectrograph and the time-of-flight (TOF) be-
tween two plastic scintillators located before the target
and in the focal plane, respectively. Positions and angles
of reaction residues at the end of the S800 spectrograph
were measured by two cathode-readout drift chambers
(CRDC) and traced back to the secondary target by us-
ing the ion optics code COSY Infinity [37]. This allowed
the determination of the non-dispersive position and the
momentum vector at the secondary target. In order to
improve the resolution for the momentum transfer, a par-
allel plate avalanche counter (PPAC) was placed at the
intermediate image plane upstream of the target. Here,
3the dispersive position is correlated with the momentum
of the projectile, and the momentum of the incoming pro-
jectile can thus be obtained. The momentum resolution
for the incoming beam with the PPAC position correc-
tion was deduced as 0.052 GeV/c.
The secondary target was surrounded by the
Gamma Ray Energy Tracking In-beam Nuclear Array
(GRETINA) [38, 39]. A GRETINA module consists of
four high-purity germanium crystals, each 36-fold seg-
mented. In the present experiment, four detector mod-
ules were placed at 58◦ with respect to the beam axis and
four were placed at 90◦. The signals were digitized and
an online pulse-shape analysis algorithm allowed for the
determination of γ-ray interaction points with energy and
position information. It was assumed that the hit with
the largest energy deposition was the first interaction,
and its position was used for the Doppler correction. The
γ-ray position information was also used in the tracking
analysis, where γ-ray interactions were added together
when the difference between their emission angle with
respect to the target position was less than 25◦. This
add-back analysis was adopted for the γ-γ coincidence
analysis and for extracting the exclusive parallel momen-
tum distributions. The energy and efficiency calibration
of GRETINA was done with standard radiation sources
and the deviation from literature values were deduced to
be less than 1 keV. The efficiency of the whole array was
measured to be 5.9% at 1 MeV. The γ-ray yields were
determined from a fit of simulated response functions to
the γ-ray energy spectrum. The experimental setup was
implemented in a GEANT4 simulation [40] including the
experimentally determined thresholds and resolutions of
each individual Ge crystal. In the χ2 fit, the γ-ray ener-
gies and intensities were individually varied to reproduce
the measured spectrum.
Finally, the reaction residues were implanted into a
6.35 mm thick Al plate at the back of the focal plane of
the S800 spectrograph. Delayed γ rays emitted from the
decay of isomeric states were detected in IsoTagger [41]
consisting of 32 CsI(Na) detectors. This allowed con-
struction of the level scheme above the 320 keV isomeric
state in 43S for the first time and deduction of the pop-
ulation cross sections for all final states. The energy and
efficiency calibration of IsoTagger was performed with a
standard 88Y source. The efficiency at 898 keV was mea-
sured to be 8.3%.
The 44S nucleus has an isomeric 0+2 state at 1365 keV
with a 2.619(26) µs half-life [10, 11]. The beam can thus
reach the secondary target in an excited state. In addi-
tion to the direct E0 transition to the ground state this
isomeric state also decays to the 2+1 state with a branch-
ing ratio of 16.3(13)% [11]. The γ-ray transition from the
2+1 state to the ground state could have been observed
in the IsoTagger, however, no transition at this energy
was observed. The isomeric ratio of the 0+2 state in
44S is
thus assumed to be negligible for the extraction of cross
sections.
III. RESULTS
Fig. 2 shows the prompt, Doppler-corrected γ-ray en-
ergy spectrum measured with GRETINA gated on the
one-neutron knockout reaction from 44S to 43S. Most of
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FIG. 2. Prompt, Doppler-corrected γ-ray energy spectrum
for the one-neutron knockout reaction from 44S to 43S. The
peaks are labeled with the transition energy and uncertainty
in keV. The background around 500 keV includes transitions
from neutron-induced reactions on Ge and Al.
the previously observed γ rays [32, 33] were confirmed
and their energies are shown in Fig. 2 together with their
uncertainty. The transition at 571(3) keV is newly ob-
served in this work. For the error estimation of the γ-
ray energy, the uncertainties of the energy calibration
of GRETINA, the velocity of 43S for the Doppler cor-
rection, and a potential offset of the reaction target loca-
tion along the beam axis were considered. The individual
contributions were, for example for the 2600 keV transi-
tion, less than 0.5, 3, and 6 keV. To deduce the yield
of each prompt γ ray, a χ2 fit of the simulated response
functions to the experimental spectrum was performed.
In this fitting procedure, background γ rays of neutron-
induced reactions with the Ge detectors and surrounding
materials were also considered. In the laboratory system
clear peaks around 600 keV are observed. The remaining
continuous background was modeled as the sum of two
exponential functions connected to a linear function in
the lower energy region. The uncertainties for the γ-ray
yields include, besides the statistical uncertainty, consid-
eration of the deviation of the simulated efficiency from
the measured one. This contribution was smaller than
4% over the whole energy range and thus smaller than
the statistical uncertainties. The prompt γ-ray energies
and intensities are compiled in Table I. Fig. 3 shows the
background subtracted γ-γ coincidence spectra gated on
the 1155, 625, 850 and 977 keV transitions. The three
transitions at 1155, 625, and 850 keV are emitted in cas-
cade and the 977 and 185 keV transitions are in mutual
coincidence, but not with any of the other transitions.
This is in agreement with the level scheme proposed in
Ref. [33] with a doublet of states at 1155 and 1162 keV.
4TABLE I. Observed γ ray energies, efficiency-corrected inten-
sities, and coincidence information for 43S. The uncertainties
of the γ ray energies include all systematic uncertainties while
yields include only the statistical errors.
energy (keV) yield/ion (%) coincident γ rays level (keV)
185(2) 5.8(3) 977 1162(4)
228(2) 0.44(7) 228(2)
320(2) 49(3) 1532 320
571(3) 0.93(11)
625(3) 3.6(2) 850, 1155 1780(5)
720(3) 1.8(2)
850(4) 3.6(2) 625, 1155 2628(6)
977(4) 7.1(4) 185 977(4)
1155(4) 13.2(6) 625, 850 1155(4)
1209(4) 3.6(2) 1209(4)
1469(7) 0.67(13) 2628(6)
1532(5) 2.2(2) 320 1854(4)
1856(7) 0.37(13) 1854(4)
2600(8) 9.7(5) 2600(8)
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FIG. 3. Background subtracted γ-γ coincidence spectra mea-
sured in GRETINA. Panels (a), (b), (c), and (d) show the
spectra gated on the prompt 1155, 625, 850, and 977 keV
transitions.
The high statistics obtained in the present work makes it
possible to determine the order of the γ-ray transitions in
the cascades by the comparison of the measured γ-ray in-
tensities in Table I. These intensities confirm the order of
the 850→ 625→ 1155 keV and 185→ 977 keV cascades.
The latter is opposite to the suggestion of Ref. [33] and
thus challenges the result of the very similar lifetimes of
the states at 185 and 1162 keV proposed in that work.
The present ordering of the cascade is also consistent with
earlier measurements of Coulomb excitation [27] assum-
ing that the transition observed around 940 keV corre-
sponds to the 977 peak observed in the present work. In
fact, the transition energy is not determined accurately
in Ref. [27], and the observed line could be composed of
several transitions within the limited energy resolution.
The isobar 43Cl and the isotone 45Cl have transitions
at 943 and 928 keV which could have contaminated the
spectrum. A recent Coulomb excitation experiment con-
firmed the 977 keV state that is directly excited from
the ground state [42]. The 850 keV transition is placed
on top of the 625 keV one, since the former was not ob-
served in the proton removal reaction [33]. The transition
at 1469 keV was placed to feed either the 1155 keV or
the 1162 keV state from the 2628 keV state based on
the matching energy sum. No coincidences were found
for the 1209 and 2600 keV transitions. Based on their
intensities, coincidences should have been observed and
these transitions are therefore placed as direct ground
state decays. The transitions at 228, 571, and 720 keV
could not conclusively be placed in the level scheme due
to limited statistics. The 228 keV transition is placed as
a direct ground state decay from the first excited state
at 228 keV, based on the comparison with theoretical
calculations (see Section IV).
Fig. 4 shows the γ-ray energy spectrum measured by
the IsoTagger in delayed coincidence with identified 43S
reaction residues. The decay of the known 320 keV iso-
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FIG. 4. Gamma-ray energy spectrum measured by IsoTag-
ger. A gate on 43S has been applied. The isomeric de-
cay of the 320 keV state is observed. The inset shows the
prompt, Doppler-corrected γ-ray energy spectrum measured
with GRETINA gated on the delayed 320 keV transition.
meric state [23] is observed. The intensity of the 320 keV
transition was determined from a χ2 fit of a simulated
response function [41] to the spectrum in a similar man-
ner as for the prompt spectrum. The background was
modeled as the sum of two exponential functions. The
implantation position distribution of the 43S ions was im-
plemented in the simulation as described in Ref. [41].
5The position on the stopper plate was taken from the ex-
perimental xy distribution measured by the CRDC de-
tectors in the S800 focal plane and extrapolated to the
stopper plate. The implantation depth, z coordinate,
was estimated by the ATIMA code [43] using the ex-
perimentally measured energy distribution of 43S ions.
In order to extract the yield, the in-flight decay of the
isomer between the secondary reaction target and the
stopper plate needed to be taken into account. The half-
life of the isomeric state has been previously measured
(T1/2 = 478(48) ns [23], 415(5) [24], and 200
+140
−70 ns [44]).
In the present experiment, the half-life was determined
from the decay curve after implantation. The result of
T1/2 = 391(14) ns is slightly lower than the most precise
value but consistent. Considering the trajectory and the
velocity of 43S behind the secondary target, 79.4(23)% of
the isomeric state initially produced at the target reached
the stopper. For the uncertainty estimation on the yield,
the deviation of the present half-life from the previous
measurement of 415(5) ns [24], the velocity distribution
of the 43S reaction products, and the effect of the uncer-
tainty of the simulated implantation depth on the effi-
ciency of IsoTagger (2% at 320 keV) were considered.
Fig 4 also shows the prompt γ rays detected in
GRETINA in delayed coincidence with the decay of the
320 keV isomer. The 1532 keV transition is clearly in
coincidence with the isomeric transition and the energy
sum matches the 1856 keV transition. This establishes a
new state at 1854(4) keV using the weighted average of
the energies. Looking for coincidences with the 1532 keV
transition in GRETINA does not reveal another γ-ray
transition as a candidate for a transition on top of the
isomer.
The level scheme of 43S, determined in the present
work, is shown in Fig. 5. The order of the transitions
of a γ-ray cascade was determined by comparing the ob-
served yields. The 1469 and the 1856 keV transitions
were placed in the level scheme solely based on energy dif-
ferences. Two states are located close to the neutron sep-
aration energy Sn = 2629 keV [45]. The 2600 keV state
decays directly to the ground state, while the 2628 keV
state decays via a cascade. The fact that the 2600 keV
transition was not observed in the fragmentation reac-
tion of 45Cl [32] nor in the proton knockout reaction [33]
from 44Cl supports the presence of two different states.
The very different momentum distributions (see below)
for the 2600 and 2628 keV states further confirm the
existence of two close-lying states near the neutron sep-
aration energy.
Using the level scheme presented in Fig. 5 the final-
state exclusive cross sections were determined. They are
presented in Table II and Fig. 5. The inclusive cross
section to bound states in 43S was determined from the
number of particles identified in the S800 spectrograph
and amounts to 91(4) mb, slightly larger than but consis-
tent with the previous measurement of the same reaction
of 79(7) mb [32]. The uncertainties include, in addition
to statistical sources, the selection of the particle identi-
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FIG. 5. Level scheme of 43S determined from the present ex-
perimental results and predicted by shell model calculations.
The width of the arrows reflects the measured γ-ray yields.
Gray, dashed transitions are place based on the energy differ-
ences of established levels, the 228 keV state is placed based
on the comparison to the shell model calculations. The levels
are labeled with the spin and parity assignments derived from
the measured momentum distributions and the partial cross
section for each state (in mb). Spins and parities of predicted
1/2−, 3/2−, 5/2−, and 7/2− states are indicated in black,
red, green, and blue, respectively. Theoretical cross sections
(in mb) include the calculated spectroscopic factors and the
reaction model calculations for the single-particle cross sec-
tions (see text for details).
fication gate, the purity and intensity fluctuation of the
incoming 44S beam, uncertainties related to the transmis-
sion of the analysis line of the S800, and the thickness of
the secondary target. The one-neutron reaction from 44S
was fully within the acceptance of the S800 spectrograph
so that corrections were not necessary.
The parallel momentum distributions for several final
states populated in 43S are shown in Fig. 6. In each case
gates on the depopulating γ-ray transitions were applied,
and feeding from the higher-lying states was subtracted
using the level scheme of 43S and the efficiency of the
γ-ray detectors at the respective energies. The data are
compared to theoretical calculations of neutron knockout
from the l = 1, 2, and 3 single-particle orbits using the
eikonal reaction model [46, 47]. In this approach the pro-
jectile and target densities, taken from a Skyrme Hartree-
6TABLE II. Inclusive and exclusive cross sections to bound
final states. (nlj) refers to the quantum numbers used in
the calculation of the single-particle cross section, σsp, in the
eikonal reaction theory.
E (keV) Jpi σexp (mb) (nlj) σsp (mb) C
2Sexp
0 3/2−1 12(4) 2p3/2 21.7 0.55(17)
228 (1/2−1 ) 0.4(1) 2p1/2 20.8 0.019(4)
320 7/2−1 43(3) 1f7/2 14.3 3.00(21)
977 7/2−2 1.2(6)
1155 3/2−2 (, 1/2
−) 8.2(9) 2p3/2 18.7 0.44(5)
1162 3/2−3 (, 1/2
−) 5.3(3) 2p3/2 18.6 0.28(2)
1209 3/2−4 (, 1/2
−) 3.3(3) 2p3/2 18.5 0.18(1)
1780 0.0(4)
1854 2.3(3)
2600 3/2+1 (, 5/2
+) 8.8(4) 1d3/2 10.7 0.83(4)
2628 7/2−3 (, 5/2
−) 3.9(3) 1f7/2 12.2 0.32(3)
inclusive 91(4)
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FIG. 6. Parallel momentum distributions of the one-neutron
knockout reaction for several states in 43S. Each panel shows
the experimental parallel momentum distribution obtained by
gating on γ-ray transitions in black, compared to theoretical
eikonal reaction model calculations for removal of a neutron
from the p (red), d (green), and f (blue) orbital. Panel (f)
is the momentum distribution extracted in coincidence with
the isomeric transition measured in IsoTagger and all oth-
ers are obtained by gating prompt transitions measured in
GRETINA.
Fock calculation for the projectile and assuming a Gaus-
sian distribution for the light target, are used to construct
the eikonal S matrices for the ejectile- and nucleon-target
interaction. The radial wave functions of the removed
nucleon from each of the active orbitals are calculated in
Woods-Saxon potentials with geometries constrained by
the rms radius of the orbital from the Hartree-Fock calcu-
lation. The calculated parallel momentum distributions
were transformed into the laboratory system and folded
with the experimental momentum resolution that was ob-
tained from dedicated calibration runs. The theoretical
calculations are normalized to the experimental counts in
the 17.3 to 17.8 GeV/c momentum region. This momen-
tum region was selected to eliminate the lower momen-
tum tail region which is not reproduced by the eikonal
reaction theory. The states at 1155, 1162, and 1209 keV
are well explained by neutron knockout from a l = 1 p or-
bital, probing the occupation of neutron orbits above the
N = 28 shell gap in the ground state of 44S. On the other
hand, the momentum distributions for the state at 2628
and the isomeric state at 320 keV are consistent with
neutron knockout from the l = 3 orbit. Thus, the spin-
parity of the isomeric state of 43S, already established as
7/2− [24], is confirmed in the present work. It is interest-
ing to note that the momentum distribution of the state
at 2600 keV, shown in Fig. 6 (b), can only be reproduced
by assuming removal of a neutron from the 1d3/2 orbital
with l = 2. This state is located close to the neutron
separation energy [45] and a candidate for a hole state in
the 1d3/2 orbital below N = 20. Such a state would not
be populated in proton removal reactions in agreement
with its non-observation [32, 33]. By subtracting the dis-
tributions of all excited states from the inclusive one, the
momentum distribution and cross section directly pop-
ulating the ground state of 43S via one-neutron knock-
out reaction was extracted. Due to ambiguities in the
level scheme and the unplaced prompt γ rays, the dis-
tinction between the neutron knockout from the f and
p orbits is less clear, but the momentum distribution is
well described by knockout from the 2p3/2 orbital. In
the following discussion, the spin-parity of the ground
state of 43S is assumed to be 3/2−, which was suggested
from the transition rate from the 7/2− isomeric state to
the ground state [24]. The momentum distribution for
the 977 and 1856 keV states are asymmetric and very
broad, suggesting the population via a non-direct pro-
cess. This would be expected from a collective rotational
band member [27, 42].
Using the eikonal reaction model calculations, the
single-particle cross sections σsp were calculated (see Ta-
ble II). These depend on the effective separation energy
for the final state and the quantum numbers of the or-
bital the nucleon was removed from. Using the spin and
parity assignments shown in Fig. 5 the spectroscopic fac-
tors, C2Sexp = σexp/σsp, for each state were obtained.
They are listed in Table II.
IV. DISCUSSION
The experimental level scheme is compared to the re-
sults of shell model calculations in Fig. 5. Two effec-
tive interactions in the full proton sd and neutron fp
model space were used to calculate the excitation ener-
7TABLE III. Results of the shell model calculations with the
SDPF-U [29] and SDPF-MU [14] effective interactions. In
addition to the bound states populated in the one-neutron
knockout reaction, the members of rotational bands discussed
in the text are listed.
SDPF-U SDPF-MU
E (keV) Jpi C2S band E (keV) Jpi C2S band
0 3/2−1 0.64 (a) 0 3/2
−
1 0.58 (a)
298 1/2−1 0.15 (a) 134 1/2
−
1 0.11 (a)
750 7/2−1 2.66 (b) 601 7/2
−
1 2.57 (b)
1010 7/2−2 0.36 (a) 875 3/2
−
2 0.40 (c)
1401 5/2−1 0.01 (a) 935 7/2
−
2 0.32 (a)
1405 3/2−2 0.23 1035 5/2
−
1 0.01 (a)
1990 5/2−2 0.07 (c) 1444 5/2
−
2 0.10 (c)
2053 1/2−2 0.05 1665 1/2
−
2 0.07
2132 5/2−3 0.00 2143 9/2
−
1 (b)
2366 9/2−1 (b) 2196 3/2
−
3 0.03
2479 7/2−3 1.87 (c) 2198 5/2
−
3 0.04
2602 3/2−3 0.01 2466 7/2
−
3 1.46 (c)
3473 11/2−1 (b) 2496 5/2
−
4 0.08
2655 1/2−3 0.01
2722 7/2−4 0.51
3651 11/2−1 (b)
gies, transition probabilities, and spectroscopic factors.
Effective charges (ep = 1.35, en = 0.35) and g factors
suggested in Ref. [28] have been used. The SDPF-U [29]
and SDPF-MU [14] interactions have been previously ap-
plied to 43,44S [14, 15, 25, 28, 33] and predict, at first
glance, very similar level schemes shown in Fig. 5. The
calculated energies, spectroscopic factors, and band as-
signments are listed in Table III.
In both cases, three rotational bands are predicted and
these are labeled (a), (b), (c) in Table III. For the case
of the SDPF-U interaction the band structure in 43,44S
is extensively discussed in Ref. [28]. The collective 7/2−2
state at 977 keV is a member of the ground state band
(a). Based on the comparison with the shell model calcu-
lation the 228 keV transition is a candidate for the decay
from the 1/2−1 state. In the shell model calculations, the
5/2−1 state is predicted to decay to the 1/2
−
1 state with a
large B(E2) value, but no such state was observed in the
present work. The small cross sections for the 1/2−1 and
7/2−2 states suggest that they are not of single-particle
character, in agreement with the calculations.
In the present work, we have for the first time identified
a state built on top of the isomer. The state at 1854 keV
decays to the 7/2− isomer via the 1532 keV transition
(see Fig. 4). The 1856 keV transition has been tentatively
assigned to a ground state decay. This would limit the
spin and parity values to Jpi = (3/2, 5/2, 7/2)−. The mo-
mentum distribution for this state is rather broad, but no
conclusion can be drawn. The state could be a candidate
for the oblate 3/2− band head predicted by the AMD
calculations whose main decay branch is to the triaxial
7/2− isomeric states [26]. The shell model calculations
do not predict a candidate for a corresponding state, but
rather states with a Jpi = 7/2−, 9/2−, 11/2− sequence
(band (b)) are predicted, where the 9/2−1 state is con-
nected by strong M1 (0.24 µN) and E2 (110 e
2fm4 for the
SDPF-MU interaction to the 7/2− isomer. For SDPF-U
the values are similar (see [28]). If the 1856 keV transi-
tion is placed elsewhere in the level scheme, the 1854 keV
state could be a natural candidate for the 9/2−1 state. A
firm spin and parity assignment for the 1854 keV state
is required in order to draw further conclusions. Finally,
a third band-like structure is built on the 3/2−2 state at
1155 keV. The 7/2−3 state at 2628 keV decays to the state
at 1780 keV via the 850 keV transition, as well as to the
1155 or 1162 keV state by emission of a 1469 keV γ ray.
The 1780 keV state is not populated directly, it decays
via the 625 keV transition, a likely spin assignment is
thus 5/2−. The 3/2− and 7/2− states can be associ-
ated with the shell model states at 1405 (875) and 2479
(2466) or 3093 (2722) keV in the SDPF-U (SDPF-MU)
results, based on the comparison of the spectroscopic fac-
tors. However, none of the shell model states shows a de-
cay pattern similar to the experimentally observed one.
The decay of these is fragmented to several states below
with individual B(E2) values around 1-100 e2fm4. The
7/2−3 member of the second prolate band (c) at 2479 keV
predicted by the SDPF-U calculations [28], for example,
has a strong B(E2) value for the decay to the 5/2−2 band
head (1990 keV), but the predicted branching ratio is
only 15.2 % owing to the higher energy difference for the
other possible decays to lower lying states. Furthermore,
the SDPF-MU calculations, in contrast with those us-
ing SDPF-U, predict a strong transition from the 5/2−2
state to the 3/2−2 state suggesting a 3/2
− band head in-
stead, more in line with the results from the AMD calcu-
lations [26]. Clearly, more experimental investigation is
required to establish the band structure and determine
its deformation characteristics.
The neutron knockout cross sections to the bound,
shell-model final states in 43S have been calculated using
the theoretical spectroscopic factors C2S and the single-
particle cross sections σsp
σ(Jpi) =
(
A
A− 1
)N
C2S(Jpi)σsp(nlj, Sn + E(J
pi)).
They are compared to the experimental results in
Fig. 5. The inclusive theoretical cross section was cal-
culated by summing the contributions of all states up to
the experimental neutron separation energy Sn(
43S) =
2629 keV [45]. The inclusive cross section amounts to
94.3 (91.7) mb for the SDPF-U (SDPF-MU) interactions.
Experimentally the cross section populating positive par-
ity states by sd-shell neutron removal, which are outside
of the model space of the calculations, amounts to at
least 8.8(4) mb. An estimate for the reduction factor
RS [47, 48] is thus given by the ratio of the cross sec-
tion to fp states to the theoretical value and amounts to
0.87(0.90) for the two effective interactions, in line with
the systematics [47, 48].
8The isomeric 7/21 state carries the major fraction of
the single-particle strength, but still significantly less
than expected from a pure ν(f7/2)
−1 configuration. This
is in agreement with the interpretation of the electric
quadrupole moment of this state [25], which is signifi-
cantly larger than expected for a single hole in the 1f7/2
orbital. The shell model calculations predict that a large
fraction of the 1f7/2 strength is located close to the neu-
tron separation energy. Experimentally, the strength to
unbound states is inaccessible in the present setup, there-
fore, part of the 1f7/2 strength could be missed in the ex-
periment. Three states with significant l = 1 strength are
observed around 1200 keV. This is not reproduced by the
shell model calculations which predict only one excited
3/2− state in this energy region. The 1162 keV state de-
cays to the 977 keV Jpi = 7/2− state. The lifetime of this
state, if the present level ordering is adopted, amounts
to 15(2) ps [33]. Such a state is not found in the shell
model calculations. The spectroscopic factors for 1/2−
and 5/2− states are small as it is expected that the occu-
pation of the 2p1/2 and 1f5/2 orbitals in the ground state
of 44S is small.
The spectroscopic factors can also be compared to
the N = 28 isotones. 47Ca has been studied in detail
by pickup transfer reactions using 48Ca targets. The
spectroscopic factor for the ground state amounts to
C2S = 6.22 [49]. Using the typical reduction R ≈ 0.7 of
the spectroscopic strength when comparing to the shell
model and assuming this reduction is applicable to each
transition, this compares well with the expectation of
the independent particle model of C2S = 8 for the 1f7/2
orbital. For the 3/2− state at 2014 keV only a small
spectroscopic factor of C2S = 0.1 was found. For the
radioactive 45Ar nucleus a measurement of the neutron
knockout reaction from 46Ar also found a small spectro-
scopic factor for the first excited 3/2−1 state of 0.2(2) [5].
In the same experiment, the ground state was populated
with a spectroscopic factor of C2S = 4.9(7). These values
are in qualitative agreement with the shell model calcula-
tions which predict spectroscopic factors of 0.59 and 5.34
for the SDPF-U and 0.79 and 5.00 for the SDPF-MU in-
teractions. The results indicate that N = 28 is a good
shell closure in Ca and Ar nuclei.
In the present work, the spectroscopic strength for the
population of the first 7/2− state amounts to 3.00(21),
significantly lower than for the heavier isotones. The
spectroscopic factor for the 3/2− ground state is 0.55(17).
However, several other states are populated by the re-
moval of a neutron from the p orbitals, as evidenced from
the momentum distributions shown in Fig. 6. While the
present experiment cannot distinguish between removal
of a 2p3/2 and a 2p1/2 neutron, the latter is unlikely as
the 2p1/2 is expected to lie higher in energy. The shell
model calculations also do not predict large spectroscopic
factors for the Jpi = 1/2− states (see Table III). The
observed fragmentation of the 2p3/2 strength is not pre-
dicted by the shell model calculations. If the experimen-
tal spectroscopic factors for the 2p states are added, and
normalized using the reduction factor [47, 48], RS, as
determined from other nuclei as a function of the sep-
aration energies, the summed normalized spectroscopic
strength can be used as a indicator for the occupation
number. In the present case the sum amounts to 1.8(4)
where the uncertainty is dominated by a systematic un-
certainty of RS which has been assumed to be 20%. This
suggests that the ground-state configuration of 44S is
composed of up to two neutrons in the 2p3/2 orbital.
The shell model calculation for the summed spectroscopic
strengths amount to
∑
C2S(1f7/2) = 4.89 (4.35) and∑
C2S(2p3/2) = 0.89 (1.01) for the SDPF-U (SDPF-
MU) interactions. The occupation numbers for the 2p3/2
orbital in the ground state of 44S are 1.18 and 1.38, re-
spectively. If the cross-shell pisd − νfp tensor compo-
nent of the SDPF-MU matrix elements is removed, the
summed spectroscopic strength, up to Sn, increases to
5.26 for the 1f7/2 orbital. This is in line with the in-
terpretation that the proton-neutron tensor interaction
is driving the shell evolution in this exotic region of the
nuclear chart [14].
The location of the 7/2− and 3/2− states in 43S already
suggested the inversion of the normal (1f7/2)
−1 and in-
truder (2p3/2) neutron configurations. The present ex-
periment proves for the first time an intruder dominance
of the ground state of 44S. This is significantly different
from the less exotic isotones, and the increase in 2p3/2
configurations in the ground state of 44S compared to
46Ar is abrupt. In the even more exotic isotone 41Si only
one transition was observed [50], however, many more
low-lying states are expected based on the shell model
calculations. 41Si would be an ideal testing ground for
the shell model calculations, since there the SDPF-U(-SI)
and SDPF-MU interactions predict very different spec-
troscopic factors for the one-neutron removal reaction
from 42Si.
Finally, in the present experiment the population of a
positive parity state at 2600 keV was observed. The spec-
troscopic factor amounts to 0.83(4) assuming removal of
a neutron from the 1d3/2 orbital. This value can be com-
pared to the isotone 47Ca, where the 3/2+1 state is lo-
cated at 2580 keV and has a deduced spectroscopic factor
of 1.18 [49], determined from the (d, t) transfer reaction
measurement. This state lies outside of the model space
and is not described with the present shell model calcu-
lations.
V. SUMMARY AND OUTLOOK
In summary, we have performed spectroscopy of 43S
using the one-neutron knockout reaction from 44S. Using
prompt and delayed γ-ray spectroscopy in coincidence,
the level scheme of 43S was constructed. Previously, this
was beset with ambiguities due to the presence of a long-
lived isomeric state in 43S. Final-state exclusive momen-
tum distributions of the residue allowed for firm spin and
parity assignments. The level ordering and assignments
9of a recent lifetime measurement [33] were revised. A
state above the isomer was identified for the first time,
but its properties could not be reproduced using shell
model calculations. Coulomb excitation measurements
using an isomeric 43S beam could help in resolving this
issue. A band-like structure built on a 3/2− state was ob-
served, but further experimental investigation is required
to confirm a band and determine its properties. The cross
sections for the population of states originating from the
removal of a 2p3/2 neutron from the
44S ground state
were found to be large. This is a direct measure of the
amount of intruder configuration in the ground state of
44S and quantifies the N = 28 shell quenching in this
exotic nucleus.
ACKNOWLEDGMENTS
We would like to thank the NSCL staff for the prepa-
ration of the radioactive beam at the Coupled Cyclotron
Facility. This work was supported by the U.S National
Science Foundation under Grant No. PHY-1306297,
PHY-1102511, and PHY-1565546, by the U.S. Depart-
ment of Energy (DOE) National Nuclear Security Ad-
ministration through the Nuclear Science and Security
Consortium under Award No. DE-NA0003180, and by
the DOE-SC Office of Nuclear Physics under Grants No.
DE-SC002045. GRETINA was funded by the DOE, Of-
fice of Science. Operation of the array at NSCL was sup-
ported by the DOE under Grants No. DE-SC0014537
(NSCL) and No. DE-AC02-05CH11231 (LBNL). SM ac-
knowledges support from JSPS Grant-in-Aid for JSPS
Research Fellow Grant Number JP15J08882. KW ac-
knowledges support from the Spanish Ministerio de
Economı´a y Competitividad RYC-2017-22007. JAT ac-
knowledges support from the Science and Technology Fa-
cilities Council (U.K.) Grant No. ST/L005743/1.
[1] A. Gade and S. N. Liddick, Jour. Phys. G 43, 024001
(2016).
[2] O. Sorlin and M.-G. Porquet, Phys. Scr. 152, 014003
(2013).
[3] Z. Meisel, S. George, S. Ahn, J. Browne, D. Bazin,
B. A. Brown, J. F. Carpino, H. Chung, R. H. Cyburt,
A. Estrade´, M. Famiano, A. Gade, C. Langer, M. Matosˇ,
W. Mittig, F. Montes, D. J. Morrissey, J. Pereira,
H. Schatz, J. Schatz, M. Scott, D. Shapira, K. Smith,
J. Stevens, W. Tan, O. Tarasov, S. Towers, K. Wimmer,
J. R. Winkelbauer, J. Yurkon, and R. G. T. Zegers, Phys.
Rev. Lett. 114, 022501 (2015).
[4] L. Gaudefroy, O. Sorlin, F. Nowacki, D. Beaumel, Y. Blu-
menfeld, Z. Dombra´di, S. Fortier, S. Franchoo, S. Gre´vy,
F. Hammache, K. W. Kemper, K. L. Kratz, M. G.
St. Laurent, S. M. Lukyanov, L. Nalpas, A. N. Os-
trowski, Y.-E. Penionzhkevich, E. C. Pollacco, P. Rous-
sel, P. Roussel-Chomaz, D. Sohler, M. Stanoiu, and
E. Tryggestad, Phys. Rev. C 78, 034307 (2008).
[5] A. Gade, D. Bazin, C. A. Bertulani, B. A. Brown, C. M.
Campbell, J. A. Church, D. C. Dinca, J. Enders, T. Glas-
macher, P. G. Hansen, Z. Hu, K. W. Kemper, W. F.
Mueller, H. Olliver, B. C. Perry, L. A. Riley, B. T.
Roeder, B. M. Sherrill, J. R. Terry, J. A. Tostevin, and
K. L. Yurkewicz, Phys. Rev. C 71, 051301 (2005).
[6] H. Scheit, T. Glasmacher, B. A. Brown, J. A. Brown,
P. D. Cottle, P. G. Hansen, R. Harkewicz, M. Hellstro¨m,
R. W. Ibbotson, J. K. Jewell, K. W. Kemper, D. J. Mor-
rissey, M. Steiner, P. Thirolf, and M. Thoennessen, Phys.
Rev. Lett. 77, 3967 (1996).
[7] A. Gade, D. Bazin, C. M. Campbell, J. A. Church, D. C.
Dinca, J. Enders, T. Glasmacher, Z. Hu, K. W. Kemper,
W. F. Mueller, H. Olliver, B. C. Perry, L. A. Riley, B. T.
Roeder, B. M. Sherrill, and J. R. Terry, Phys. Rev. C
68, 014302 (2003).
[8] T. Glasmacher, B. Brown, M. Chromik, P. Cottle,
M. Fauerbach, R. Ibbotson, K. Kemper, D. Morrissey,
H. Scheit, D. Sklenicka, and M. Steiner, Phys. Lett. B
395, 163 (1997).
[9] K. Nowak, K. Wimmer, S. Hellgartner, D. Mu¨cher,
V. Bildstein, J. Diriken, J. Elseviers, L. P. Gaffney,
R. Gernha¨user, J. Iwanicki, J. G. Johansen, M. Huyse,
J. Konki, T. Kro¨ll, R. Kru¨cken, R. Lutter, R. Or-
landi, J. Pakarinen, R. Raabe, P. Reiter, T. Roger,
G. Schrieder, M. Seidlitz, O. Sorlin, P. Van Duppen,
N. Warr, H. De Witte, and M. Zielin´ska, Phys. Rev.
C 93, 044335 (2016).
[10] S. Gre´vy, F. Negoita, I. Stefan, N. L. Achouri, J. C.
Ange´lique, B. Bastin, R. Borcea, A. Buta, J. M. Dau-
gas, F. De Oliveira, O. Giarmana, C. Jollet, B. Laurent,
M. Lazar, E. Lie´nard, F. Mare´chal, J. Mra´zek, D. Pantel-
ica, Y. Penionzhkevich, S. Pie´tri, O. Sorlin, M. Stanoiu,
C. Stodel, and M. G. St-Laurent, Eur. Phys. J. A 25,
111 (2005).
[11] C. Force, S. Gre´vy, L. Gaudefroy, O. Sorlin, L. Ca´ceres,
F. Rotaru, J. Mrazek, N. L. Achouri, J. C. Ange´lique,
F. Azaiez, B. Bastin, R. Borcea, A. Buta, J. M. Dau-
gas, Z. Dlouhy, Z. Dombra´di, F. De Oliveira, F. Negoita,
Y. Penionzhkevich, M. G. Saint-Laurent, D. Sohler,
M. Stanoiu, I. Stefan, C. Stodel, and F. Nowacki, Phys.
Rev. Lett. 105, 102501 (2010).
[12] T. R. Rodr´ıguez and J. L. Egido, Phys. Rev. C 84, 051307
(2011).
[13] J. L. Egido, M. Borrajo, and T. R. Rodr´ıguez, Phys.
Rev. Lett. 116, 052502 (2016).
[14] Y. Utsuno, T. Otsuka, B. A. Brown, M. Honma,
T. Mizusaki, and N. Shimizu, Phys. Rev. C 86, 051301
(2012).
[15] Y. Utsuno, N. Shimizu, T. Otsuka, T. Yoshida, and
Y. Tsunoda, Phys. Rev. Lett. 114, 032501 (2015).
10
[16] B. Bastin, S. Gre´vy, D. Sohler, O. Sorlin, Z. Dombra´di,
N. L. Achouri, J. C. Ange´lique, F. Azaiez, D. Bai-
borodin, R. Borcea, C. Bourgeois, A. Buta, A. Bu¨rger,
R. Chapman, J. C. Dalouzy, Z. Dlouhy, A. Drouard,
Z. Elekes, S. Franchoo, S. Iacob, B. Laurent, M. Lazar,
X. Liang, E. Lie´nard, J. Mrazek, L. Nalpas, F. Negoita,
N. A. Orr, Y. Penionzhkevich, Z. Podolya´k, F. Pougheon,
P. Roussel-Chomaz, M. G. Saint-Laurent, M. Stanoiu,
I. Stefan, F. Nowacki, and A. Poves, Phys. Rev. Lett.
99, 022503 (2007).
[17] S. Takeuchi, M. Matsushita, N. Aoi, P. Doornenbal,
K. Li, T. Motobayashi, H. Scheit, D. Steppenbeck,
H. Wang, H. Baba, D. Bazin, L. Ca`ceres, H. Crawford,
P. Fallon, R. Gernha¨user, J. Gibelin, S. Go, S. Gre´vy,
C. Hinke, C. R. Hoffman, R. Hughes, E. Ideguchi,
D. Jenkins, N. Kobayashi, Y. Kondo, R. Kru¨cken,
T. Le Bleis, J. Lee, G. Lee, A. Matta, S. Michimasa,
T. Nakamura, S. Ota, M. Petri, T. Sako, H. Saku-
rai, S. Shimoura, K. Steiger, K. Takahashi, M. Takechi,
Y. Togano, R. Winkler, and K. Yoneda, Phys. Rev. Lett.
109, 182501 (2012).
[18] A. Gade, B. A. Brown, J. A. Tostevin, D. Bazin,
P. C. Bender, C. M. Campbell, H. L. Crawford, B. El-
man, K. W. Kemper, B. Longfellow, E. Lunderberg,
D. Rhodes, and D. Weisshaar, Phys. Rev. Lett. 122,
222501 (2019).
[19] D. S. Ahn, N. Fukuda, H. Geissel, N. Inabe, N. Iwasa,
T. Kubo, K. Kusaka, D. J. Morrissey, D. Murai, T. Naka-
mura, M. Ohtake, H. Otsu, H. Sato, B. M. Sherrill,
Y. Shimizu, H. Suzuki, H. Takeda, O. B. Tarasov,
H. Ueno, Y. Yanagisawa, and K. Yoshida, Phys. Rev.
Lett. 123, 212501 (2019).
[20] H. L. Crawford, P. Fallon, A. O. Macchiavelli,
P. Doornenbal, N. Aoi, F. Browne, C. M. Campbell,
S. Chen, R. M. Clark, M. L. Corte´s, M. Cromaz,
E. Ideguchi, M. D. Jones, R. Kanungo, M. MacCormick,
S. Momiyama, I. Murray, M. Niikura, S. Paschalis,
M. Petri, H. Sakurai, M. Salathe, P. Schrock, D. Steppen-
beck, S. Takeuchi, Y. K. Tanaka, R. Taniuchi, H. Wang,
and K. Wimmer, Phys. Rev. Lett. 122, 052501 (2019).
[21] H. L. Crawford, P. Fallon, A. O. Macchiavelli, R. M.
Clark, B. A. Brown, J. A. Tostevin, D. Bazin, N. Aoi,
P. Doornenbal, M. Matsushita, H. Scheit, D. Steppen-
beck, S. Takeuchi, H. Baba, C. M. Campbell, M. Cromaz,
E. Ideguchi, N. Kobayashi, Y. Kondo, G. Lee, I. Y. Lee,
J. Lee, K. Li, S. Michimasa, T. Motobayashi, T. Naka-
mura, S. Ota, S. Paschalis, M. Petri, T. Sako, H. Saku-
rai, S. Shimoura, M. Takechi, Y. Togano, H. Wang, and
K. Yoneda, Phys. Rev. C 89, 041303 (2014).
[22] Z. Dombrdi, D. Sohler, O. Sorlin, F. Azaiez, F. Nowacki,
M. Stanoiu, Y.-E. Penionzhkevich, J. Timr, F. Amor-
ini, D. Baiborodin, A. Bauchet, F. Becker, M. Bel-
leguic, C. Borcea, C. Bourgeois, Z. Dlouhy, C. Donzaud,
J. Duprat, Z. Elekes, D. Guillemaud-Mueller, F. Ibrahim,
M. Lewitowicz, M. Lopez, R. Lucas, S. Lukyanov,
V. Maslov, C. Moore, J. Mrazek, M. Saint-Laurent,
F. Sarazin, J. Scarpaci, G. Sletten, C. Stodel, M. Tay-
lor, C. Theisen, and G. Voltolini, Nucl. Phys. A 727,
195 (2003).
[23] F. Sarazin, H. Savajols, W. Mittig, F. Nowacki, N. A.
Orr, Z. Ren, P. Roussel-Chomaz, G. Auger, D. Bai-
borodin, A. V. Belozyorov, C. Borcea, E. Caurier,
Z. Dlouhy´, A. Gillibert, A. S. Lalleman, M. Lewitowicz,
S. M. Lukyanov, F. de Oliveira, Y. E. Penionzhkevich,
D. Ridikas, H. Sakura¨ı, O. Tarasov, and A. de Vismes,
Phys. Rev. Lett. 84, 5062 (2000).
[24] L. Gaudefroy, J. M. Daugas, M. Hass, S. Gre´vy,
C. Stodel, J. C. Thomas, L. Perrot, M. Girod, B. Rosse´,
J. C. Ange´lique, D. L. Balabanski, E. Fiori, C. Force,
G. Georgiev, D. Kameda, V. Kumar, R. L. Lozeva,
I. Matea, V. Me´ot, P. Morel, B. S. N. Singh, F. Nowacki,
and G. Simpson, Phys. Rev. Lett. 102, 092501 (2009).
[25] R. Chevrier, J. M. Daugas, L. Gaudefroy, Y. Ichikawa,
H. Ueno, M. Hass, H. Haas, S. Cottenier, N. Aoi,
K. Asahi, D. L. Balabanski, N. Fukuda, T. Furukawa,
G. Georgiev, H. Hayashi, H. Iijima, N. Inabe, T. Inoue,
M. Ishihara, Y. Ishii, D. Kameda, T. Kubo, T. Nanao,
G. Neyens, T. Ohnishi, M. M. Rajabali, K. Suzuki,
H. Takeda, M. Tsuchiya, N. Vermeulen, H. Watanabe,
and A. Yoshimi, Phys. Rev. Lett. 108, 162501 (2012).
[26] M. Kimura, Y. Taniguchi, Y. Kanada-En’yo, H. Horiuchi,
and K. Ikeda, Phys. Rev. C 87, 011301 (2013).
[27] R. W. Ibbotson, T. Glasmacher, P. F. Mantica, and
H. Scheit, Phys. Rev. C 59, 642 (1999).
[28] R. Chevrier and L. Gaudefroy, Phys. Rev. C 89, 051301
(2014).
[29] F. Nowacki and A. Poves, Phys. Rev. C 79, 014310
(2009).
[30] D. Santiago-Gonzalez, I. Wiedenho¨ver, V. Abramkina,
M. L. Avila, T. Baugher, D. Bazin, B. A. Brown, P. D.
Cottle, A. Gade, T. Glasmacher, K. W. Kemper, S. Mc-
Daniel, A. Rojas, A. Ratkiewicz, R. Meharchand, E. C.
Simpson, J. A. Tostevin, A. Volya, and D. Weisshaar,
Phys. Rev. C 83, 061305 (2011).
[31] J. J. Parker, I. Wiedenho¨ver, P. D. Cottle, J. Baker,
D. McPherson, M. A. Riley, D. Santiago-Gonzalez,
A. Volya, V. M. Bader, T. Baugher, D. Bazin, A. Gade,
T. Ginter, H. Iwasaki, C. Loelius, C. Morse, F. Recchia,
D. Smalley, S. R. Stroberg, K. Whitmore, D. Weisshaar,
A. Lemasson, H. L. Crawford, A. O. Macchiavelli, and
K. Wimmer, Phys. Rev. Lett. 118, 052501 (2017).
[32] L. A. Riley, P. Adrich, T. R. Baugher, D. Bazin, B. A.
Brown, J. M. Cook, P. D. Cottle, C. A. Diget, A. Gade,
D. A. Garland, T. Glasmacher, K. E. Hosier, K. W. Kem-
per, A. Ratkiewicz, K. P. Siwek, J. A. Tostevin, and
D. Weisshaar, Phys. Rev. C 80, 037305 (2009).
[33] T. Mijatovic´, N. Kobayashi, H. Iwasaki, D. Bazin, J. Be-
large, P. C. Bender, B. A. Brown, A. Dewald, R. Elder,
B. Elman, A. Gade, M. Grinder, T. Haylett, S. Heil,
C. Loelius, B. Longfellow, E. Lunderberg, M. Mathy,
K. Whitmore, and D. Weisshaar, Phys. Rev. Lett. 121,
012501 (2018).
[34] A. Gade and B. M. Sherrill, Phy. Scr. 91, 053003 (2016).
[35] D. Morrissey, B. Sherrill, M. Steiner, A. Stolz, and
I. Wiedenhoever, Nucl. Instr. Meth. B 204, 90 (2003),
14th International Conference on Electromagnetic Iso-
tope Separators and Techniques Related to their Appli-
cations.
[36] D. Bazin, J. Caggiano, B. Sherrill, J. Yurkon, and
A. Zeller, Nucl. Instr. Meth. B 204, 629 (2003), 14th In-
ternational Conference on Electromagnetic Isotope Sep-
arators and Techniques Related to their Applications.
[37] M. Berz, K. Joh, J. A. Nolen, B. M. Sherrill, and A. F.
Zeller, Phys. Rev. C 47, 537 (1993).
[38] S. Paschalis, I. Y. Lee, A. O. MacChiavelli, C. M. Camp-
bell, M. Cromaz, S. Gros, J. Pavan, J. Qian, R. M. Clark,
H. L. Crawford, D. Doering, P. Fallon, C. Lionberger,
T. Loew, M. Petri, T. Stezelberger, S. Zimmermann,
11
D. C. Radford, K. Lagergren, D. Weisshaar, R. Winkler,
T. Glasmacher, J. T. Anderson, and C. W. Beausang,
Nucl. Instr. Meth. A 709, 44 (2013).
[39] D. Weisshaar, D. Bazin, P. C. Bender, C. M. Camp-
bell, F. Recchia, V. Bader, T. Baugher, J. Belarge,
M. P. Carpenter, H. L. Crawford, M. Cromaz, B. Elman,
P. Fallon, A. Forney, A. Gade, J. Harker, N. Kobayashi,
C. Langer, T. Lauritsen, I. Y. Lee, A. Lemasson,
B. Longfellow, E. Lunderberg, A. O. Macchiavelli,
K. Miki, S. Momiyama, S. Noji, D. C. Radford, M. Scott,
J. Sethi, S. R. Stroberg, C. Sullivan, R. Titus, A. Wiens,
S. Williams, K. Wimmer, and S. Zhu, Nucl. Instr. Meth.
A 847, 187 (2017).
[40] S. Agostinelli, J. Allison, K. Amako, J. Apostolakis,
H. Araujo, P. Arce, M. Asai, D. Axen, S. Banerjee,
G. Barrand, F. Behner, L. Bellagamba, J. Boudreau,
L. Broglia, A. Brunengo, H. Burkhardt, S. Chauvie,
J. Chuma, R. Chytracek, G. Cooperman, G. Cosmo,
P. Degtyarenko, A. Dell’Acqua, G. Depaola, D. Di-
etrich, R. Enami, A. Feliciello, C. Ferguson, H. Fe-
sefeldt, G. Folger, F. Foppiano, A. Forti, S. Garelli,
S. Giani, R. Giannitrapani, D. Gibin, J. G. Cadenas,
I. Gonza´lez, G. G. Abril, G. Greeniaus, W. Greiner,
V. Grichine, A. Grossheim, S. Guatelli, P. Gumplinger,
R. Hamatsu, K. Hashimoto, H. Hasui, A. Heikkinen,
A. Howard, V. Ivanchenko, A. Johnson, F. Jones,
J. Kallenbach, N. Kanaya, M. Kawabata, Y. Kawa-
bata, M. Kawaguti, S. Kelner, P. Kent, A. Kimura,
T. Kodama, R. Kokoulin, M. Kossov, H. Kurashige,
E. Lamanna, T. Lampe´n, V. Lara, V. Lefebure, F. Lei,
M. Liendl, W. Lockman, F. Longo, S. Magni, M. Maire,
E. Medernach, K. Minamimoto, P. M. de Freitas,
Y. Morita, K. Murakami, M. Nagamatu, R. Nartallo,
P. Nieminen, T. Nishimura, K. Ohtsubo, M. Okamura,
S. O’Neale, Y. Oohata, K. Paech, J. Perl, A. Pfeiffer,
M. Pia, F. Ranjard, A. Rybin, S. Sadilov, E. D. Salvo,
G. Santin, T. Sasaki, N. Savvas, Y. Sawada, S. Scherer,
S. Sei, V. Sirotenko, D. Smith, N. Starkov, H. Stoecker,
J. Sulkimo, M. Takahata, S. Tanaka, E. Tcherniaev, E. S.
Tehrani, M. Tropeano, P. Truscott, H. Uno, L. Urban,
P. Urban, M. Verderi, A. Walkden, W. Wander, H. We-
ber, J. Wellisch, T. Wenaus, D. Williams, D. Wright,
T. Yamada, H. Yoshida, and D. Zschiesche, Nucl. Instr.
Meth. A 506, 250 (2003).
[41] K. Wimmer, D. Barofsky, D. Bazin, L. M. Fraile,
J. Lloyd, J. R. Tompkins, and S. J. Williams, Nucl.
Instr. Meth. A 769, 65 (2015).
[42] B. Longfellow, D. Weisshaar, A. Gade, B. A. Brown,
D. Bazin, K. W. Brown, B. Elman, J. Pereira, D. Rhodes,
and M. Spieker, (2020), to be submitted.
[43] H. Weick, http://web-docs.gsi.de/∼weick/atima/.
[44] D. Kameda, T. Kubo, T. Ohnishi, K. Kusaka,
A. Yoshida, K. Yoshida, M. Ohtake, N. Fukuda,
H. Takeda, K. Tanaka, N. Inabe, Y. Yanagisawa,
Y. Gono, H. Watanabe, H. Otsu, H. Baba, T. Ichi-
hara, Y. Yamaguchi, M. Takechi, S. Nishimura, H. Ueno,
A. Yoshimi, H. Sakurai, T. Motobayashi, T. Nakao,
Y. Mizoi, M. Matsushita, K. Ieki, N. Kobayashi,
K. Tanaka, Y. Kawada, N. Tanaka, S. Deguchi, Y. Satou,
Y. Kondo, T. Nakamura, K. Yoshinaga, C. Ishii,
H. Yoshii, Y. Miyashita, N. Uematsu, Y. Shiraki,
T. Sumikama, J. Chiba, E. Ideguchi, A. Saito, T. Yam-
aguchi, I. Hachiuma, T. Suzuki, T. Moriguchi, A. Ozawa,
T. Ohtsubo, M. A. Famiano, H. Geissel, A. S. Nettleton,
O. B. Tarasov, D. Bazin, B. M. Sherrill, S. L. Manikonda,
and J. A. Nolen, Phys. Rev. C 86, 054319 (2012).
[45] R. Ringle, C. Bachelet, M. Block, G. Bollen, M. Facina,
C. M. Folden, C. Gue´naut, A. A. Kwiatkowski, D. J. Mor-
rissey, G. K. Pang, A. M. Prinke, J. Savory, P. Schury,
S. Schwarz, and C. S. Sumithrarachchi, Phys. Rev. C
80, 064321 (2009).
[46] P. Hansen and J. Tostevin, Ann. Rev. Nucl. Part. Sci.
53, 219 (2003).
[47] J. A. Tostevin and A. Gade, Phys. Rev. C 90, 057602
(2014).
[48] A. Gade, P. Adrich, D. Bazin, M. D. Bowen, B. A.
Brown, C. M. Campbell, J. M. Cook, T. Glasmacher,
P. G. Hansen, K. Hosier, S. McDaniel, D. McGlinchery,
A. Obertelli, K. Siwek, L. A. Riley, J. A. Tostevin, and
D. Weisshaar, Phys. Rev. C 77, 044306 (2008).
[49] M. Williams-Norton and R. Abegg, Nuclear Physics A
291, 429 (1977).
[50] D. Sohler, S. Grvy, Z. Dombrdi, O. Sorlin, L. Gaudefroy,
B. Bastin, N. Achouri, J. Anglique, F. Azaiez, D. Bai-
borodin, R. Borcea, C. Bourgeois, A. Buta, A. Burger,
L. Caceres, R. Chapman, J. Dalouzy, Z. Dlouhy,
A. Drouard, Z. Elekes, S. Franchoo, S. Iacob, I. Kuti,
B. Laurent, M. Lazar, X. Liang, E. Linard, S. Lukyanov,
J. Mrazek, L. Nalpas, F. Negoita, F. Nowacki, N. Orr,
Y. Penionzkhevitch, Z. Podolyk, F. Pougheon, A. Poves,
P. Roussel-Chomaz, M. Stanoiu, I. Stefan, and M. St-
Laurent, Phys. Lett. B 703, 417 (2011).
